The ground shock produced by subsurface explosion near buried structures generally represents the dominant threat to these facilities. Due to various constraints, pertinent experimental data are extremely scarce. Adequately detailed numerical simulation thus becomes a desirable alternative. The use of commercially available codes, which are capable of solving non-linear dynamic problems, validated against proven prediction techniques and experimental data, can provide a cost-effective means of examining the highly dynamic processes involved in the subsurface explosion and ground shock propagation. This paper sets out to examine the potential of numerical analysis for investigating ground shock phenomena from underground explosion in different sites. The finite element code AUTODYN, which is available in 2-dimensional (2D) and 3-dimensional (3D) formats was employed. The study presents best material models necessary to produce good correlation with free filed resultants obtained from filed tests and CONWEP, an established experimentally-based prediction technique. The validated numerical model is then used to study the ground shock propagation in three different rock types; hard, moderate and soft rocks.
Introduction
The ground shock produced by subsurface blast near buried structures generally represents the dominant threat to these facilities. Stresses from buried bursts are usually greater in magnitude and have much longer duration than corresponding bursts in air [1] . When a charge is detonated below the ground surface, a part of the released energy gets transmitted directly into the surrounding soil mass in the form of seismic stress waves. All of the major parameters, peak stress, peak particle velocity (PPV), peak particle acceleration (PPA), peak particle displacement (PPD) and specific impulse, reduce with the distance from the events. The rate of attenuation with range is governed by soil type and characterized by the attenuation coefficient n. A large number of trials have resulted in empirical relationships which permit predictions of the ground shock parameters [2] .
Since soil damage and stress wave propagation from underground explosion in soil mass are highly dependent on material properties, data obtained from one site might not be directly used to another site. Investigation of underground blast and its effects by scaled and full size experiments in every site is very expensive. Thus, a reliable numerical model validated against filed measured data, is a cost-effective means for examining the highly dynamic and nonlinear process of blast-induced stress wave propagation in engineering.
Besides the problem of high computational cost, the difficulties associated with modeling the dynamic interaction between the explosion and the soil mass is a major barrier. As the stress condition varies dramatically in the near field of the charge, it is very difficult to model the behavior of soil in this region. A major difficulty in the simulation process of subsurface blast is the formation of the crater by the explosion. The explosion product expands enormously. The soil in the vicinity of the charge undergoes large deformation. Large deformations can result in a severe mesh distortion and hence reduce the accuracy and the time step sharply [3] .
Proposal numerical model
In the numerical simulations, the partial differential equations governing the basic physical principles of conservation of mass, momentum, and energy are employed. The equations to be solved are both time and space-dependent and nonlinear in nature. These equations, together with equations of state (EOS) and constitutive models describing material behavior and a set of initial and boundary conditions, define the complete system for blast simulations [4] .
The solution over the time domain can be achieved by an explicit method. In the explicit method, the solution at a given point in time is explicitly expressed as a function of the system variables and parameters, with no requirement for stiffness and mass matrices. Thus the computing cost at each time step is low but may also require numerous time steps for a complete solution.
There are two major ways of describing the solution over the space domain, based on the relative movement between the material particles and the mesh: one is the Eulerian description, while the other is Lagrangian description [4] . In the Eulerian description, the mesh is fixed in space and different material particles move through it. In the Lagrangian description, the mesh and the material particles coincide. The Eulerian description is suited for situations where the mesh may be highly distorted; but modeling of the material boundary conditions such as slippage and contact surface is very difficult. The Lagrangian description is more suitable for situations where the deformation is not large but the effects of interface and free boundaries are significant. This concept leads to a requirement for a numerical technique that allows both Eulerian and Lagrangian solutions in a single simulation with coupling between the different techniques in space and time. Such an approach, wherein different methods may be applied within a single numerical analysis, can provide the "best" solution in terms of accuracy and efficiency.
In the problem under investigation, the two descriptions are used in a single analysis. The Eulerian description is used for detonation of explosive material, while the Lagrangian description is suitable for representation of soil material location and ground shock propagation. The AUTODYN Auler-Lagrange coupling facility is employed in the problem. To overcome the highly Lagrangian mesh distortion in the vicinity of the charge, the erosion criteria is used with suitable values [4] .
Material models
There are two kinds of materials involved in the problem under investigation, namely the soil mass (rock, clay, sand), and the high energy charge. The models proposed to simulate the behavior of these materials under shock loading are as follows:
Rock modeling
Since rock has low porous (negligible compression) it is useful to apply a linear relationship between hydrostatic pressure and density (linear EOS). The RHT constitutive model is a new model for general brittle materials, developed by Riedel, Hiermaier and Thoma and implemented into AUTODYN [4, 5] . This model contains many features common to various similar constitutive models such as: pressure hardening, strain hardening, strain rate hardening, and cumulative damage (strain softening).
The material model uses three strength surfaces: an elastic limit surface, a failure surface and the remaining strength surface for the crushed material. Fig. (1) shows these strength surfaces. More about this material model can be found in [4, 5] .
Clay modeling
Saturated clay is modeled with the elasto-plastic hydro material model. For saturated clays the water content has a profound influence on ground shock propagation. When the saturation approaches one hundred percent, peak stresses and accelerations similar to shock wave propagation in free water have been observed [1] , therefore, the shock EOS is used [4] .
The Von Mises yield surface is used as a strength model [4] . A hydro tensile failure limit with a small negative pressure value is defined.
Sand modeling
Since sand is a granular material, it is necessary to adopt a granular material model with Compaction EOS when sand is subjected to blast loads. Laine and Sandvik [6] had performed four tri-axial cylindrical tests and three tri-axial shear tests to derive the mechanical properties of sand utilized for this model.
A hydro tensile failure is also used for the sand, and the hydro tensile limit is set to be p min = -1 e -3 Pa as the failure criterion [6] . This means that when the p min is reached, the cell is not allowed to resist shear stresses.
Explosion modeling
The high explosive blast wave modeling facility in AUTODYN-2D is a capability that has only recently been exploited on the so-called remapping function. Remapping allows taking the solution of 2D analysis and impose it upon a selected region, of a 3D model where an extra physical dimension can be modeled. This procedure not only reduces the time required for a calculation but also increases its accuracy due to the fine 2D mesh resolution in the initial high explosive detonation and expansion phases. The explosive material at start time is modeled by the "Jones -Wilkins -Lee" (JWL) EOS that models the pressure generated by chemical energy in an explosive, it can be written in the form [4] v
where C 1 , C 2 , r 1 and r 2 are constants and e, ω and v are the internal energy, adiabatic constant and specific volume respectively, and its values for many common explosives have been determined from dynamic experiments and are available in AUTODYN material library [4] . From this equation it can be shown that at large expansion ratios the first and second terms on the right hand side of the equation become negligible and hence the behavior of the explosive tends towards that of an ideal gas. Therefore, at large expansion ratios, where the explosive has expanded by a factor of approximately 10 from its original volume, it is valid to switch the EOS for a high explosive from JWL to ideal gas.
Boundaries and interactions modeling
Two symmetry plans are used in the finite element model; they intersect at the center of gravity of the charge. Transmit boundary conditions is applied to limit the reflection of stress waves from numerical boundaries of soil mass and free boundary surface is applied at the top (ground surface). The explosive-soil interaction is simulated using 3D Euler-Lagrange coupling facility in AUTODYN [4] .
Numerical applications
Three numerical applications are presented to demonstrate the implementation of proposal numerical model to estimate the ground shock propagation in different sits.
First application
The application is one of the filed tests conducted by Hayes according to ref. [7] in nearly saturated clay site. The assumed soil properties are: the initial density is 1900 kg / m 3 , the shear modulus is 1.01 GPa, and the yield stress is 400 KPa. The explosive source is a cylindrical charge of 7 kg C4, its diameter is 90 mm and it has 686 mm long. In these experiments, accelerometers and pressure sensors were placed in the soil at various ranges from the charge to provide free-field stress and motion measurements. Accelerometer records are integrated once to obtain free-field velocities and again to obtain displacements. A cross section through field test is shown in Figure (2) . Data were only reported for 12 msec.
Numerical results and analysis
The proposed numerical model is used to simulate the filed blasting test in nearly saturated clay medium. The attenuation of pressure with time and distance is shown in Figure  (3) . Figure (4) shows comparison of pressure time history at 1.5 m from charge center obtained from the numerical analysis with those obtained from filed test at the same point. It shows that the arrival time of the blast wave and its peak agree well with the field test.
Figure (5) shows the comparison of numerical results with those obtained from CONWEP [8] , an established experimentally-based prediction technique. The comparison demonstrates that, the peak stresses obtained from CONWEP are matching the numerical results for ranges more than 2 m reasonably well, while for ranges less than 2 m, CONWEP overpredicts the peak stresses. This is may be because of the difficulty of placing the gages in soil closes to the high explosive charges. Summary of the comparison of results obtained from numerical analysis with those obtained from experimental, DYNA-2D and CONWEP are presented in Table (1) .
Second application
This example sets out to examine the potential of the proposed model for ground shock prediction resulting from subsurface explosion in sandy site. However, in the absence of filed test results, it is useful to compare the numerical results with those obtained from proven prediction techniques such as CONWEP [8] . The case study demonstrated in the first application is applied in sandy medium. The initial properties chosen for sand are: dry mass density 1671 kg / m 3 , shear modulus 150 MPa, attenuation coefficient 3, friction angle 35º.
Numerical results
The attenuation of pressure with time and distance is shown in Figure (6 ). This Figure  also demonstrates the ability of dry sand to absorb blast shock energy. For example, the peak stress at 1.5 m and 3 m from the charge center is 1.2 MPa and 0.35 MPa respectively, while in clay site (first application) and at the same ranges peak stresses are 7 MPa and 2 MPa. In Figure (7-a) , the obtained peak stresses form numerical analysis are compared with the corresponding results obtained from CONWEP. Figure (7-b) shows the comparison between stress time histories obtained from analysis with those obtained from CONWEP results at 3 m from the explosive charge. It shows that the blast wave form, the arrival time and the peak value obtained from numerical analysis agree well with that obtained from CONWEP.
Third numerical application
A series of filed blasting testes were carried out by Zhuo et al. [9] at the granite site. The cross section of filed layout is shown in Figure (8) . More than 100 gages, including accelerometers, pressure sensors and strain gages were used for different measurements. The measuring points were placed along two lines on rock surface and in rock mass as shown in Figure (8) . Eight testes were carried out with the equivalent TNT charge weight from 5 kg to 50 kg. In order to simulate a confined explosion, the charge chamber (bottom 5 m of the charge hole) was covered by 8 concrete blocks with a total weight of 15 t to prevent any uplifting. In each test, explosive was placed at the center of the charge chamber on a wooden stand. Before the blast tests, intensive filed and laboratory investigations had been conducted to study the site-properties. Summary of these investigations are given in Table (2) .
Numerical results and analysis
The proposed numerical model is used to simulate the filed blasting test in the granite mass. The corresponding charge weight is 50 kg TNT. Obtained velocity and acceleration time histories from numerical simulation in rock mass at 25 m from charge hole in Y direction are shown in Figure (9) . Figure (10) shows comparison of acceleration time history at 25 m from charge hole in the Y direction obtained from the numerical analysis with that measured from filed test and anisotropic numerical model proposed by Hao et al. [10] at the same point. It shows that the arrival time, the wave form and peak value of the simulated stress wave obtained by the proposed model agree better with those of the recorded field results than those obtained from anisotropic model.
Prediction of peak pressure and PPV in rocks
Probably the most difficult phase of designing a buried structure to resist the effects of conventional weapons is the determination of the loads on the structure. The ground shock resulting from subsurface explosion is expressed in terms of peak stress (P 0 ) and PPV. Generally the free filed stresses (the stresses would be present if the structure was absent) and particle velocities at the point on the structure are computed. These stresses are modified to approximate the effects on the structure and its response. These modified stresses (interface stresses) are applied as the structure loading [2] . The Technical manual TM-5 [1] suggested two functions to estimate these parameters (P 0 and PPV) in cohesive soils where n 1 , n 2 are dimensionless attenuation coefficients. Some typical values of n are given for a range of soils, more detail may be found in refs. [1] [2] [3] , f is the ground shock coupling factor determined by the depth of burial from ref. [3] , R is the distance from the charge center to the point of interest in meters, and W is the explosive weight in kg. These two functions can be looked upon as the upper and lower limits within which P 0 , and PPV in particular type of soil should fall.
Using the proposed examined numerical model for ground shock prediction in granite (third application), three rows of target points are arranged parallel to the ground surface as shown in Figure (11) . Group-A targets are arranged at depth of 2.7 m (at the charge gravity center), while Group-B and Group-C targets are located at depth of 1.7 m and 3.7 m from the ground surface respectively to capture the "free field" wave propagation in three rock types; hard, moderate and soft rocks. The mechanical properties for three rock types are given in Table ( 3) . The values of strength and moduli are determined from numerous references [11, 12] .The rock media is assumed to be continuous, isotropic and homogeneous medium. The potential threat corresponds to the fully buried general purpose bombs of type MK-82, MK-84 and M-118. The general characteristics of these bombs are given in Table (4) [1] .
In Figure (12) , the crater formulation in three rock types corresponding to subsurface explosion of MK-84 general purpose bomb at 1.7 m from the ground surface is shown. It is clear that in hard rock, the rock mass is ejected away from the blast, while in soft rock the explosion forms a camouflet. This is reasonable because as the rock mass get harder, the blast resistance is higher and the blast energy will go by essential way (to the ground surface). This reflects that, the damage zone is bigger in soft rock mass than in moderate and hard rocks as shown in Figure (13) .
Proposal formula for ground shock prediction in different rocks
The recorded numerical results at all target points are used to derive empirical attenuation functions for P 0 and PPV in different types of rock.
The best fitted empirical attenuation expressions for peak free field pressure (P 0 ) are given as follows: where function 1 and function 2 give the upper and lower limits for peak pressure P 0 according the rock type. It should be noted that the above equations are derived by using the data obtained from numerical analysis with scaled distances in the range from 0.2 m.kg -1/3 to 2 m.kg -1/3 . Figure (13) shows the attenuation of the peak pressure as a function of the scaled distance for the group-A group-B, and Group-C targets in three different types of rock.
The best fitted empirical attenuation relations for PPV in three rock types are given as follows: Figure (14) shows the attenuation of the PPV as a function of the scaled distance for the group-A group-B, and Group-C targets in three rock types.
Conclusions
Implementing the proposed 3D numerical model in AUTODYN hydrocode, the ground shock propagation resulting from subsurface explosion in different mediums has been simulated. The validity of the model for ground shock prediction has been proven to be comparable with an independently conducted field tests and CONWEP. It was found that the ground shock aspects (arrival times, peak stresses, peak particle velocities, peak particle acceleration and the decrease of slope of the shock front in the ground) agree well with field tests and CONWEP.
The numerical results demonstrate the ability of dry sand to absorb the high stress blast energy and it can be used as good absorption filling material for buried structures constructed in dense soils.
Proposed formulae for ground shock prediction in different rock mediums were presented to give upper and lower limits for peak pressure and peak particle velocities. . (2) -Cross section through filed test1 (not to scale) [7] . 
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